We present experimental results on the use of quantitative contact resonance force microscopy (CR-FM) for mapping the planar location and depth of 50 nm diameter silica nanoparticles buried beneath polystyrene films 30-165 nm thick. The presence of shallowly buried nanoparticles, with stiffness greater than that of the surrounding matrix, is shown to locally affect the surface contact stiffness of a material for all depths investigated. To achieve the necessary stiffness sensitivity, the CR-FM measurements are obtained utilizing the fifth contact eigenmode. Stiffness contrast is found to increase rapidly with initial increases in force, but plateaus at higher loads. Over the explored depth range, stiffness contrast spans roughly one order of magnitude, suggesting good depth differentiation. Scatter in the stiffness contrast for single images reveals nonuniformities in the model samples that can be explained by particle size dispersity. Finite element analysis is used to simulate the significant effect particle size can have on contact stiffness contrast. Finally, we show how measurements at a range of forces may be used to deconvolve particle size effects from depth effects.
Introduction
In nanocomposite systems, the dispersion of nanoparticles is critical in determining the resultant properties (e.g. mechanical [1] , electrical [2] , transport [3] ) of a material. While topographic measurements with scanning probe or electron microscopy can provide information regarding the in-plane surface dispersion of nanoparticles [4] , such techniques do not readily provide quantitative information about throughthickness dispersion.
By cross-sectioning the samples, through-thickness information can be obtained; however, the process is destructive and extremely time consuming * Publication of NIST, an agency of the US government, not subject to copyright.
when high-resolution tomographic reconstruction is required. Thus, a need exists for efficient, nondestructive methods of characterizing nanoparticle dispersion in nanocomposites.
Although originally developed as a surface topographic measurement tool [5] , the atomic force microscope (AFM) has more recently been extended to subsurface characterization methods [6] [7] [8] [9] [10] [11] [12] [13] .
Acoustic [6, 7] , electric [8, 9] , and stiffness [10] [11] [12] [13] based AFM contrast mechanisms have been used to elicit subsurface information. Acoustic ultrasound based approaches rely on phase contrast in high frequency (>1 MHz) waves that propagate through a sample with subsurface features and are detected at the surface [6, 7] . While such methods have been used to resolve buried features at large depths (500 nm-5 μm), the underlying physics is still not well understood. Thus, they are not yet suitable for quantitative depth differentiation, but for qualitative visualization only.
For a stiffness based subsurface characterization method, contrast arises from the difference in modulus between the matrix and an inclusion [12] . When an AFM tip is brought into contact with a surface, the resulting stress field extends into the material. The extent of the stress field depends on the stiffness of the tip and sample, the size and shape of the tip, and the applied force [14] . If the stress field extends deeply enough to probe an inclusion, and the stiffness of the inclusion differs from that of the surrounding matrix, the stiffness of the surface will be locally changed. Such an approach has been modeled by Degertekin and co-workers [12] . Using finite element analysis, they demonstrated that AFM techniques for measuring contact stiffness k could be used to quantitatively determine the size and depth of buried inclusions or voids in a silicon matrix. Their model was validated on a subsurface void of known location in silicon. Atomic force acoustic microscopy (AFAM) point measurements were made across the surface above the void to measure local stiffness variations.
Because polymeric nanocomposites often employ a rigid inorganic filler (modulus E from 50 to 1000 GPa) in a compliant polymer matrix (E from 0.1 to 10 GPa), a high stiffness contrast should exist between matrix and filler. Here, we used contact resonance force microscopy (CR-FM) mapping techniques to locate buried nanoparticles in a polymer matrix. With CR-FM mapping techniques, we were able to achieve similar stiffness sensitivity to that obtained by pointwise AFAM, but with the required speed and spatial resolution to detect and measure buried nanostructures at unknown locations. To resolve depth dependence, samples were fabricated such that the particles were positioned beneath a cover film of known thickness. From the CR-FM results, we determined the difference in contact stiffness between neat polymer and buried particle as a function of film thickness and applied force. Practical aspects of implementing polymer nanocomposite tomography were investigated, and the results were further interpreted with finite element analysis. 4 
Experimental methods and procedures

Sample preparation
A schematic of a model sample is shown in figure 1 . The samples consisted of a silicon substrate, a thick polystyrene (PS) base film, and a discrete layer of nanoparticles buried beneath a thinner PS cover film. The samples were prepared by first spin casting a 10 wt% solution of PS (weight average molecular weight M w = 250 000 g mol −1 , number average molecular weight M n = 150 000 g mol −1 ) onto a toluene and ultraviolet/ozone (UVO) cleaned silicon wafer at 209 rad s −1 (2000 rpm), producing a film with thickness T ≈ 1.4 μm. Next, the films were annealed for 1 h at 150
• C under vacuum. To promote adhesion of the nanoparticles, the films were Figure 1 . Schematic of the model nanocomposite. Nanoparticles are spun cast atop a thick polystyrene substrate, then covered with a thin polystyrene film and annealed.
exposed to 10 min of UVO treatment. Silica nanoparticles with nominal diameter = 50 nm (Snowtex, Nissan Chemical, Houston, TX) were then spun cast onto the base film from a 0.025% solution in water. AFM analysis of the size distribution of particles showed a mean diameter of (50.6 ± 8.2) nm, where the uncertainty represents one standard deviation (see figure  S1 , supplementary information available at stacks.iop.org/ Nano/22/175706/mmedia). In order to sink the particles into the substrate film, the specimens were placed back in the vacuum oven at 150
• C for 5 min. Cover films were prepared from more dilute (1%-3%) solutions of the same PS, with spin speeds from 105 to 315 rad s −1 (1000-3000 rpm), yielding films of thickness t = 32, 53, 76, 92, 125, and 165 nm (measured with interferometry and confirmed with AFM). To allow easier release of the films, no UVO treatment was applied to the silicon substrates during fabrication of the cover films. The cover films were released from their substrate by scoring the edges and immersing in water. The nanoparticle-covered base films were then placed underneath the floating films and withdrawn. Finally, the complete assemblies were annealed for 14 h at 150
• C.
Contact resonance force microscopy
CR-FM measurements are well explained in the literature [15] [16] [17] . Briefly, measurements for the nth contact eigenmode are obtained by bringing the AFM tip into contact with the surface under investigation, then exciting the cantilever (directly or with a transducer beneath the sample) over a range of frequencies bracketed by the nth and n + 1th free air resonance frequencies. It is possible to model the cantilever in contact with the sample as a distributed mass beam with one end clamped at the cantilever holder and a spring representing the tip-sample contact located some finite distance from the beam's end. With knowledge of the nth free air resonance, the contact resonance frequency f c n can be quantitatively related to the contact stiffness k of the tipsample spring. By continuously measuring f c n during contact scanning, it is possible to obtain simultaneous images of contact stiffness and topography.
All CR-FM experiments were performed on an MFP-3D instrument (Asylum Research, Santa Barbara, CA); however, the general approach should be widely applicable to any AFM with access to the photodiode signal. Highresolution mapping of the contact resonance frequency was performed with a modified version of the previously described, NIST-developed scanning probe resonance image tracking electronics (SPRITE) [18] . During contact-mode scanning, the SPRITE circuit continually sweeps the excitation frequency over a window 25-64 kHz wide, while an RMS detector on the photodiode is used to monitor cantilever motion. To enable high-resolution tracking of large frequency shifts, feedback control is used to continuously center the sweep window around the resonance frequency f c n . Key differences between the previously reported circuit and the electronics used in this study include direct digital synthesis of the waveform, the ability to set hard limits on the frequency range under investigation, and the ability to map an arbitrarily sized frequency range onto the ±10 V output.
All measurements were made with a rectangular cantilever with nominal dimensions of length L = 450 μm, width w = 50 μm, and thickness b = 2 μm. The measured values of the fundamental free resonance frequency f Prior to the subsurface experiments, the tip was scanned on a silicon substrate to deliberately wear the tip, yielding a larger radius that would provide deeper sensing and be less prone to additional changes during the experiments [14, 19] . A lack of additional wear during subsurface imaging was indicated by a relatively constant contact resonance frequency on the blank polymer matrix regions throughout the scan. After subsurface imaging, scanning electron microscope (SEM) characterization of the AFM tip apex showed a radius R SEM = 150 nm (see figure S2 , supplementary information available at stacks.iop.org/Nano/22/175706/mmedia).
CR-FM maps were obtained as a function of eigenmode, applied load, and particle depth. For the eigenmode study, frequency maps were acquired on the 92 nm thick cover film sample for the first five eigenmodes to determine the mode with optimal sensitivity for subsurface detection [20] . With the optimal eigenmode, CR-FM maps were obtained for each thickness t of surface film at total loads F from 4.5 to 79 nN, determined from the sum of the applied force and adhesion force. For all CR-FM measurements, regions for investigation were randomly chosen, with final measurements obtained on 3 μm square regions at a scan rate of 0.3 Hz. Following the methodology of Rabe et al [16] , the tip position as a percentage of cantilever length L 1 /L was determined by solving the distributed mass model for two different eigenmodes (4 and 5 in this case) and calculating the tip position where the contact stiffnesses are equal. This resulted in a calculated value of L 1 /L = 0.974, which was used to convert frequency maps into contact stiffness maps. The contact stiffness contrast k/k b between a buried particle and the matrix was then defined by
where k p is the on-particle contact stiffness measured at the particle apex and k b is the average contact stiffness of the particle-free matrix regions.
Finite element modeling
To gain additional insight into the contact stiffness measurements, finite element analysis (FEA) was used. ANSYS Figure 2 . Finite element model of the AFM tip-buried particle system. Geometry is defined by tip radius R, particle diameter , and particle depth z. Load F is applied to the center of the tip. z and were varied to determine their effects on observed contact stiffness. Material moduli E tip , E part , and E matrix were chosen to be close to the expected properties of the model experimental samples. A Poisson's ratio ν of 0.3 was assumed for all materials.
(Canonsburg, PA) axisymmetric finite element models were used to study the effects of buried particle size and depth on the observed contact stiffness. Tip, matrix, and nanoparticle were all modeled with eight-node two-dimensional (2D) elements (PLANE82). Based on the SEM results, the tip was modeled as a silicon hemisphere of radius R = 150 nm, as shown in figure 2 . The matrix was represented as a 300 nm tall cylinder with 200 nm radius. An embedded spherical particle of diameter was located along the y-axis of the cylinder, with its top located a prescribed depth z from the surface. Initially, all elements were automatically meshed with the preprocessor's fine smart-size function. Further refinement was implemented near the tip-sample contact and the buried particle-matrix interface. Contact between the tip and matrix was handled with a symmetric pair of surface-to-surface contact elements (TARGE169 and CONTA172). The particlematrix interface was modeled as perfectly bonded by use of coincident nodes. For simplicity, all materials were modeled as isotropic and linearly elastic, with properties given in figure 2 . Displacement of the tip was dictated by a 100 nN load applied on the y-axis at the top plane of the hemisphere and solved in incremental force substeps F = 1 nN with large deformation analysis enabled. The y-motion of the top plane of the tip was coupled. Contact stiffness k as a function of load F was determined by
where F i is the applied force at load step i and d i is the corresponding observed tip displacement. Models were created for depths z = 20, 50, and 100 nm with a constant = 50 nm diameter particle. To investigate the effects of particle size, models were also prepared with 20, 50, 100 nm, and infinite (flat plane) diameter particles at a fixed depth z = 50 nm. The on-particle contact stiffness k p was compared to the blank matrix contact stiffness k b by re-solving the same models, but with the properties of the particle set equal to the matrix. Thus, the contact stiffness contrast could be determined from equation (1).
Results and discussion
Eigenmode selection
Contact-mode imaging on polymeric surfaces generally requires low applied forces to avoid sample wear and ripple pattern formation. To facilitate precise low-force control, a compliant cantilever was used in this study. As shown in figures 3(a) and (b), CR-FM and topography maps obtained with the first eigenmode on a sample with a 92 nm thick cover film showed no evidence of rigid subsurface structures. As seen in figure 3(c) , by tracking the fifth eigenmode while scanning the same area, it was possible to observe a bright, higher-frequency feature with the expected size of a buried nanoparticle. Additional lower-contrast features are also seen in the higher-mode image. The enhanced contrast at higher eigenmodes is attributed to the increased effective stiffness of the higher mode. Based on the distributed-mass model, figure 4 shows the theoretical frequency sensitivity as a function of contact stiffness for the first five eigenmodes of the cantilever under investigation. For the samples used here, the choice of compliant cantilever and large radius tip results in contact stiffness values for which the first eigenmode had insufficient sensitivity to resolve frequency contrast. By comparison, modes 4 and 5 are expected to have sensitivity two orders of magnitude higher than that of mode 1, leading to the contrast in the mode 5 frequency map. Although modes 4 and 5 are both suitable for subsequent measurements, experimentally mode 5 was chosen over mode 4 because it provided a more ideal resonance peak and more reliable tracking. An additional benefit of the higher eigenmodes is that higher-frequency modulation should result in less damping in the polymer matrix, possibly enhancing the depth sensitivity compared to that of lower-frequency measurements. Figure 5 shows simultaneously acquired topography and CR-FM stiffness contrast maps obtained on samples with t = 32 and 125 nm films covering the buried nanoparticles. For the t = 32 nm film (figures 5(a) and (b)), the buried particles are easily discerned in both the topography and the frequency images. The surface topography variations associated with the covered particles range from 20 to 30 nm. Assuming that the observed particles are representative of the 50 nm mean diameter, the observed topography suggests a combination of surface-film-to-particle draping and embedding of the particles into both substrate and cover films. The embedding into the cover film introduces some uncertainty in the absolute depth of the particles. However, given the observed heights of the covered particles and the assumption that embedding occurs both above and below the particle, the depth uncertainty was generally less than 20 nm. In contrast to the t = 32 nm sample, no topographic evidence of the particles was seen for particles buried beneath 125 nm of polystyrene (figures 5(c) and (d)). However, the stiffness contrast map shows numerous discrete features with dispersion and size consistent with buried particles. Comparing the samples with 32 and 125 nm thick films, significantly higher contrast in contact stiffness was observed for shallowly buried particles in the t = 32 nm sample compared to the t = 125 nm sample. The increased contrast of the shallow particles was expected because the rigid structure occupies the more sensitive near-contact region of the stress field. In order to experimentally quantify the depth and load dependence of the contact stiffness contrast, multiple images at a range of applied loads were obtained for each sample. The experimental results are summarized in figure 6(a) , and corresponding FEA simulation results are shown in figure 6(b) . In both cases, contrast generally increased with load and decreased with cover film thickness. For a hemispherical indenter, higher loads were expected to increase the tipsample contact area. This increased the overall depth of the stress field and allowed the buried particles to affect a larger percentage of the measurement volume. The leveling off of contrast at higher forces was attributed to a stress field that fully encompassed the particle. Thus, further loading showed only slight increase in contrast. This lessened force dependence is particularly desirable because it allows nearoptimal contrast at nondestructive loads. Quantitatively, the FEA model predicted lower contrast for a given depth than was observed experimentally. Some discrepancy may have originated from the uncertainty in the actual nanoparticle depth in the experimental samples discussed above. Other factors contributing to the discrepancy may include imprecisely modeled tip geometry, material properties, or interfacial stress transfer. For example, FEA results assuming tip radius values larger than those experimentally observed predict higher stiffness contrast values than in figure 6(b) (see figure S3 , supplementary information available at stacks.iop.org/Nano/ 22/175706/mmedia).
Detection of buried particles
Depth differentiation
For tomographic applications, it is necessary to ensure that particle depths can be differentiated. Figure 7 shows the distribution in contact stiffness contrast k/k b for measurements on t = 32 and 76 nm samples with F = 41 nN. and cover film thickness t or particle depth z. Error bars in (a) are shown for only one force for clarity, but they represent the average standard deviation for all forces at the indicated film thickness. In (b), particle diameter = 50 nm. Results from poorly converged load steps have been omitted.
Although the modal values are well separated, the tails on the measurements clearly overlap, presenting the possibility for signal misinterpretation in a true composite where particles have both depth and size dispersity. Experimentally, a sample of 42 nanoparticles showed diameters ranging from 34 to 70 nm (see figure S1 , supplementary information available at stacks.iop.org/Nano/22/175706/mmedia). It is likely that a larger sample size would reveal even greater outliers. The FEA results in figure 8(a) simulate how particle size dispersity is expected to affect contact stiffness contrast. For a fixed depth z = 50 nm, a change in particle diameter from 20 to 100 nm resulted in more than an order of magnitude increase in contrast. When the diameter was increased to the extent that the particle surface approximated an infinite flat plane, even greater contrast was observed. As a result of size dispersity effects, it is possible that smaller particles may fall below the detection limits of CR-FM while larger particles are more readily detected. Experimentally, this phenomenon may have contributed to the detection of fewer particles for the t = 165 nm sample compared to samples with thinner cover films, in spite of the fact that all samples were prepared with nominally identical particle concentrations. It may also explain why the experimental curves in figure 6(a) for more shallowly buried particles showed good agreement with the FEA predictions in figure 6(b) , while experiments on more deeply buried particles showed much greater contrast than predicted by FEA. In other words, it is possible that only larger diameter particles were detected in samples with thicker cover films.
Comparing the particle size FEA results in figure 8 (a) to the particle depth FEA results in figure 6(b) , it is seen that measurement forces exist where an image at a single force will convolute particle size and depth. This is circled in the low-force regime of figure 8(b) . Here, the FEA results predict that a = 20 nm diameter particle buried z = 50 nm deep and a = 50 nm particle buried z = 100 nm deep will show approximately the same stiffness contrast for F < 10 nN. However, by applying higher forces, the particles can be increasingly differentiated. Thus, for real systems, it will likely be necessary to obtain measurements at a range of forces. Additional depth differentiation might also be achieved by measuring the observed lateral dimensions of the buried particles in the frequency images. However, this dependence was difficult to resolve for the scan sizes used in this study.
Conclusions
CR-FM mapping techniques have been demonstrated for the detection of subsurface silica nanoparticles buried beneath more than 100 nm of polystyrene. Higher-order eigenmodes were used to increase the sensitivity of otherwise compliant AFM cantilevers, allowing stable operation at minimally destructive forces.
With a distributed-mass model, the frequency maps were translated into quantitative contact stiffness. This allowed the effect of buried nanoparticles on surface contact stiffness to be quantified as a function of force and depth. FEA modeling suggested that a single contact stiffness map would be sufficient for depth differentiation 
